Abstract Thermal analysis of the equatorial thermal shield for ITER is conducted in order to confirm that the cooling tube design was reasonable under both the plasma operational and the baking operational conditions. The structural performance was analyzed by means of the finite element software ANSYS. A comparison of the results with design requirements shows that the results of the simulation are within allowable design requirements, which indicates the feasibility and reliability of the equatorial thermal shield structure.
Introduction
The ITER thermal shield (TS) system is to minimize the heat load transferred by thermal radiation and conduction from warm components in ITER to the cool components of the superconducting magnet system. The TS system operates in a temperature range of 80 K to 100 K and the TS surfaces are provided, with low emissivity, by a silver coating to reduce thermal radiation. Thermal conduction of the TS supports is reduced by using the material with low thermal conductivity [1] .
The ITER TS system consists of the equatorial thermal shield (ETS), the support thermal shield (STS) and the upper/lower cryostat thermal shields (U/L CTS), as shown in Fig. 1 . In this paper calculations on STS and U/L CTS are unnecessary since the heat flow on these components is far less than that on vacuum vessel thermal shield(VVTS) components.
Description of the structure
ETS is composed of the VVTS and the equatorial cryostat thermal shield (ECTS), as shown in Fig. 2 . VVTS is located between the vacuum vessel (VV) and the superconducting magnets while ECTS is placed between the superconducting magnets and the cryostat. For spacing reasons, VVTS and ECTS should follow Fig.2 1/9 segment model of ETS [3] closely the shape of VV and the cryostat. The TS cooling panel is of low emissivity, i.e., the emissivity of the TS panel surface is below 0.05 and TS joint/flange surface is below 0.06 [1] . The TS cooling tubes attached to the TS panel are shown in Fig. 3 . This connection approach is easy for bending and welding and with a good thermal performance. The heat is removed by an active cooling method through cold gaseous helium with an inlet temperature of 80 K. The cooling system is designed to be fully redundant for the reliability of the TS system under normal and off-normal operation [2∼4] . Fig.3 Schematic diagram of the TS panel weld and heat flux to magnet and TS [6, 7] 3 Design criteria and material
The design criterion of ETS is listed in Table 1 [5] . Stainless steel type 304 L is selected as a main material for TS. The properties for the material are listed in Table 2 .
4 Thermal gradient and thermal stress analysis
Basic model
Heat exchange between TS and other components is assumed to be similar to that between two infinite parallel plates since the distance between TS and other components is much smaller than their dimensions. A schematic diagram of the heat flux to the magnet system and TS is shown in Fig. 3 . Hence, the heat influx can be calculated by the heat radiation equation [6] .
where σ is the Stefan-Boltzmann constant, T is the temperature, ε is the emissivity and A is the surface area.
The mass flow rate of the cooling tube can be obtained
where q is the heat flux, A is the TS area, c is the specific heat,ṁ is the mass flow rate, ∆T is the difference in temperature. The heat transfer coefficient of the cooling tube can be calculated by the following equations
where u is the coefficient of viscosity, ρ is the helium density, a is the inner area, Re is the Reynolds Number, D in is the inner diameter of the cooling tube, N u is the Nusselt Number, P r is the Prandtl Number, h is the heat transfer coefficient of the inner tube surface and k is the thermal conductivity of helium. 
Boundary conditions
The key analysis parameters for TS are as follows [1] . a. Heat flux; b. Mass flow rate for the cooling tube; c. Pressure in the cooling tube: 1.8 MPa; d. Inlet temperature: 80 K; e. Outlet temperature: 100 K under the plasma operational state (POS), 121 K under the baking operational state (BOS).
Analysis results
A thermal model is built with FLUID116 element and SHELL57 element. The thermal analysis is to check the thermal gradient and then obtains the temperature distribution as a boundary condition for the following thermal stress analysis. The thermal stress analysis is carried out under POS and BOS. The TS temperature and thermal stress are listed in Table 3 . The maximum temperature of VVTS is 154 K and temperature increment is about 74 K at the VVTS inboard central outlet regions under BOS, as shown in Fig. 4 . The reason is the fact that the heat flux under BOS is higher than that under POS and the distance between the cooling tubes is larger than in other dimensions. The maximum thermal stress of VVTS is 47 MPa at the outboard of VVTS under BOS, as shown in Fig. 5 . The maximum thermal stress is located at the inlet regions because the temperature gradient between two cooling loops is higher than that elsewhere. The maximum temperature and thermal stress of ECTS are 164 K and 38.2 MPa, respectively. The thermal gradient and thermal stress of ETS is relatively low. The results show that the design of the cooling tubes is feasible and reasonable. 5 Structural analysis
Model and boundary conditions
A finite element model of the regular ETS part is established for structural analysis with SHELL181 element and the total number of the elements is 17320, as shown in Fig. 6 . The stress analysis is performed under deadweight and seismic assumptions. For the floor response spectrum on the tokamak building basement, a seismic load 2 (SL-2) earthquake is assumed [7] . The loads defined for the analysis are as follows [8] . b. Horizontal seismic load of 1.17 g, vertical load of 3 g [9] (not including the gravity load).
Analysis results
The results from structural analysis are listed in Table 4. The result of the stress intensity of ETS in the case with a combined load is shown in Fig. 7 . Among three cases of load, the maximum primary general membrane stress intensity (P m ) is 62.4 MPa, the maximum P m plus primary bending stress intensity (P b ) is 200.2 MPa, the sum of the maximum P m , P b and secondary stress intensity (Q) is 242.9 MPa. Compared to the allowable stress, the results of the finite element analysis for ETS indicate that the maximum stress is within allowable stress limits which satisfy the design requirements. 
Summary
Thermal and mechanical analyses are conducted. The results of the thermal gradient and thermal stress show that the layout of the cooling tubes is quite reasonable. Structural analysis is carried out under deadweight and seismic loads. The stresses are within allowable design limits. It is proved that the present ETS design is reasonable and feasible. More detailed analysis should be made in the future.
